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X-RAY OPTICAL TRANSMISSION GRATING
OF A FOCUS-DETECTOR ARRANGEMENT
OF AN X-RAY APPARATUS FOR
GENERATING PROJECTIVE OR
TOMOGRAPHIC PHASE CONTRAST
RECORDINGS OF A SUBJECT

PRIORITY STATEMENT

The present application hereby claims priority under 35

U.S.C. §119 on German patent application numbers DE 10
2006 004 604 .8 filed Feb. 1, 2006, DE 10 2006 004 976 .4 filed

Feb. 1, 2006, and DE 10 2006 037 281.6 filed Aug. 9, 2006,
the entire contents of each of which 1s hereby incorporated
herein by reference.

FIELD

Embodiments of the invention generally relate to an X-ray
optical transmission grating of a focus-detector arrangement
of an X-ray apparatus for generating projective or tomo-
graphic phase contrast recordings of a subject. For example,
they may relate to one having a multiplicity of grating bars
and grating gaps arranged periodically on at least one surface
ol at least one walfer.

BACKGROUND

Transmission gratings for generating projective or tomo-
graphic phase contrast recordings of a subject are widely
known. By way of example, reference 1s made to the Euro-
pean patent application EP 1 447 046 Al and the German
patent applications (not yet published that the priority date of
the present application) with the file references 10 2006 017
290.6, 10 2006 015 338.8, 10 2006 017 291.4, 10 2006 015
356.1 and 10 2006 015 355.3.

For imaging by 1onizing rays, in particular X-rays, princi-
pally two effects can be observed which occur when the
radiation passes through matter, namely the absorption and
the phase shift of the radiation passing through a subject. It 1s
known that 1n many cases, the phase shiit when a ray passes
through a subject depends much more strongly on small dif-
terences 1n the thickness and composition of the penetrated
matter than the absorption effects do. Structures of a subject,
it particular the soft structures of a patient, can thereby be
recognized better.

For such phase contrast radiography or phase contrast
tomography, the phase shift due to the object must be evalu-
ated. Here, similarly as conventional absorption contrast
X-radiography or absorption contrast X-ray tomography,
both projective images of the phase shift can be compiled or
even tomographic representations of the phase shift can be
calculated from a multiplicity of projective images.

The phase of an X-ray wave cannot be determined directly,
rather only by mterterence with a reference wave. The phase
shifts relative to reference waves or neighboring rays can be
measured by using interferometric gratings. In respect of
interferometric measurement methods, reference 1s made to
the documents cited above. In these methods, coherent X-ra-
diation 1s passed through a subject, then delivered through a
phase grating with a period adapted to the wavelengths of the
radiation so as to create an interference pattern, which 1s
phase shifted depends on the phase shift occurring 1n the
object. This interference pattern 1s measured by a subsequent
analysis-detector arrangement, so that the phase shift can be
determined with position resolution.
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2

The following should essentially be pointed out in this
regard:

The emission of X-ray photons from laboratory X-ray
sources as well as by conventional synchrotron radiation
sources of the first to third generations 1s subject to stochastic
processes. The emitted X-radiation therefore has no spatial
coherence per se. In phase contrast radiography and tomog-
raphy or any interference experiment, however, the radiation
of X-ray sources behaves as coherent radiation when the
observation angle at which the source appears to the observer
or the object, the grating or the detector, 1s sufliciently small.
The so-called spatial coherence length [ can be provided as
a measure ol the spatial or transverse coherence ol an
extended X-ray source

(1)

Here, A 1s the wavelength, s 1s the transverse source size
and a 1s the source-observation point distance. Many authors
also refer to half the above-defined value as the spatial coher-
ence length. The exact value 1s incidental ; what 1s important is
that the coherence length L 1s large compared to the (trans-
verse) dimension of the spatial region from which rays are
intended to interfere with one another.

In the context of the patent application, the term coherent
radiation 1s intended to mean radiation which leads to the
formation of an interference pattern under the given geom-
etries and given distances of the X-ray optical gratings. It 1s
self evident that the spatial coherence and therefore the spatial
coherence length 1s always determined by the trio of quanti-
ties: wavelength, source size and observation distance. With a
view to compact formulation, this fact has been abbreviated to
terms such as “coherent X-radiation”, “coherent X-radiation
source” or “point source for generating coherent X-radia-
tion”. The basis for these abbreviations 1s that the wavelength
or the energy E of the X-radiation in the applications dis-
cussed here 1s limited by the desired penetratability of the
subject on the one hand and the spectrum available in labo-
ratory X-ray sources on the other hand. The distance a
between the source and the observation point s also subjectto
certain restrictions 1n laboratory equipment for nondestruc-

tive material testing or medical diagnosis. This usually leaves
only the source size s as a single degree of freedom, even
though the relationships between source size and tube power
set narrow limits here.

The requirement for a small or point-like radiation source
means that the available intensity 1s also relatively low. In
order to increase the intensity, it has therefore also been
proposed to use an X-ray source with a relatively large-area
focus and to place an X-ray optical absorption grating, a
so-called source grating, 1n the beam path between the focus
and the subject. The large-area focus makes 1t possible to use
larger and therefore more poweriul X-ray sources. The nar-
row slits or gaps of the source grating ensure that all the rays,
which have to emerge from the same slit, comply with the
requisite spatial coherence. The slit width must satisty the
s1ze requirement given by Equation (1) for the transverse
source size s. Correct superposition, at least in terms of inten-
sity, of the maxima and minima of the standing wave field 1s
possible between the photons from slit to slit of the source
grating with suitable tuning of the source grating period g,
and the interference pattern period g, as well as the distance 1
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between the source grating G, and the phase grating G, and
the distance d between the phase grating GG, and the interter-
ence pattern, according to:

go/g-=1/d. (2)

In the abbreviated formulation of the patent application,
the term *“quasi-coherent radiation” or “quasi-coherent radia-
tion source” 1s used 1n this context.

The temporal or longitudinal coherence of the radiation 1s
associated with the monochromaticity of the X-radiation or of
the X-radiation source. The X-radiation of intense character-
istic lines usually has a sufficient monochromaticity or tem-
poral coherence length for the applications discussed here.
Upstream monochromators or selection of the resonant
energy via the bar height of the phase grating can also filter
out a sulliciently narrow spectral range from a Bremsstrahl-
ung spectrum or synchrotron spectrum, and thus satisty the
requirements for the temporal coherence length 1n the present
arrangements.

A problem with these X-ray optical transmission gratings
1s that the production of such gratings, which require a large
aspect ratio (=ratio of the bar height to width of the grating
gap), 1s very elaborate. Furthermore, the precision of the
production deteriorates significantly with an increasing
aspect ratio.

SUMMARY

In at least one embodiment of the mmvention, an X-ray
optical transmission grating 1s provided which allows simpler
production.

The Inventors, 1n at least one embodiment, have discovered
that without compromising the efifect of an X-ray optical
transmission grating, 1t 1s possible to form this grating from a
multiplicity of sub-gratings. A particular X-ray optical grat-
ing with a particular function can thus be replaced by a plu-
rality of sub-gratings arranged 1n direct succession, the sum
of the sub-gratings fulfilling the function of the original one
grating. In this way, 1t 1s possible to reduce the grating bar
height according to the number of sub-gratings used, the
width of the grating gaps remaining the same, so that the
aspect ratio of bar height to width of the grating gaps 1s
drastically reduced.

The inventors, 1n at least one embodiment, therefore pro-
pose that an X-ray optical transmission grating of a focus-
detector arrangement of an X-ray apparatus for generating
projective or tomographic phase contrast recordings of a sub-
ject, having a multiplicity of grating bars and grating gaps
arranged periodically on at least one surface of at least one
waler, should be refined so that the X-ray optical transmission
grating 1s composed of at least two sub-gratings arranged 1n
direct succession in the beam direction.

Advantageously, for example, the transmission grating
may be configured so that the grating bars and grating gaps of
two sub-gratings are arranged on the two sides of one waler.
A water 1s thus used whose front and rear side i1s up both
designed as gratings. At least with respect to these two sub-
gratings, this also obviates the problem of aligning the grating
bars and grating gaps during installation in the X-ray appa-
ratus. They are already arranged correspondingly during the
production process, and cannot become displaced relative to
one another.

In order to align the gratings which are applied on the front
and rear sides of a waler, 1t 1s concervable to employ the
grating properties of the first grating when the structures for
the second grating are being written by lithography. The
gratings are partially transparent to X-radiation. With a suit-
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4

able X-ray energy, transmission takes place essentially only
in the grating gaps. The X-radiation passing through could be
used to expose a photoresist applied on the rear side.

Semiconductor watlers (51, Ge, GaAs, InP, . . . ) are also
transparent to infrared radiation. This infrared radiation could
also be employed for exposing the structures on the rear side
when using a suitable IR -sensitive photoresist. Thin metallic
layers and waters transparent to ultraviolet light on the far
side of a plasma frequency. This could similarly be employed
for the lithography on the rear side. Many metals as well as
other materials (Al, S1, . . . ) are transparent to neutrons.
Neutron-sensitive resists may therefore likewise be used for
lithography on the rear side.

As an alternative or 1n addition, however, it 1s also possible
for at least two sub-gratings to be formed by different waters.

It 1s also proposed that a filler material with a higher,
preferably substantially higher, linear attenuation coetficient
than the water material in the relevant energy range should be
arranged 1n the grating gaps of at least one, precisely one or all
the sub-gratings, 1n which case the filler material may com-
prise only a part of the height of the grating bars or flush-fill
the grating gaps.

The Inventors also propose, 1n at least one embodiment, to
align the sub-gratings mutually parallel 1n respect of their
grating bars and grating gaps and are so that each ray passes
either only through grating bars or only through grating gaps
when crossing the sub-gratings.

If the transmission grating 1s used in a beam geometry
which 1s designed to be fan-shaped or conical, then the sub-
gratings arranged successively in the beam direction may
comprise different grating periods, in which case the period
increases from at least one sub-grating to a subsequent sub-
grating, and the sub-gratings are arranged mutually aligned,
so that the rays of the ray beam pass either only through
grating gaps or only through grating bars.

In the transmission gratings according to at least one
embodiment of the invention, the sub-gratings may further-
more be designed so that they are tlat or curved 1n at least one
plane around the radiation origin of the X-radiation passing
through. As an alternative or supplementarily, the sub-grat-
ings may include grating bars and grating gaps which are
aligned 1n the beam direction.

If the transmission gratings according to at least one
embodiment of the invention are being used not as absorption
gratings but as phase gratings, then it may be advantageous
that, for the sum of the sub-gratings, the height of the filler
material 1n the gaps 1s dimensioned so that the X-radiation
with the energy used for measuring the phase shift generates
a phase shift of A/2, and after the entire grating, at least 1n
relation to the energy used for measuring the phase shiit, the
attenuation of the X-radiation 1s the same after passing
through the bars and when passing through the filler matenial.

When phase gratings 1n grating-based phase contrast radi-
ography are replaced by a plurality of sub-gratings, then 1t
may be advantageous that, for the sum of the sub-gratings, the
height of the filler material 1n the gaps 1s dimensioned so that
between passage through the grating gaps/filler material and
passage through the grating bars, (1) the X-radiation experi-
ences a phase shift of w or A/2 and (11) the intensity or trans-
mission 1s the same for the photon energy caused to interfere
in the interference pattern.

When analyzer gratings in grating-based phase contrast
radiography are replaced by a plurality of sub-gratings, then
it may be advantageous that, for the sum of the sub-gratings,
the height of the filler material 1n the gaps 1s dimensioned so
that between passage through the grating gaps/filler material
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and passage through the grating bars, the intensity or trans-
mission 1s the same for the photon energy caused to interfere
in the mterference pattern.

As an alternative, the sub-gratings could also be designed
so that, for each of the sub-gratings individually, the height of
the filler material 1n the gaps 1s dimensioned so that the
X-radiation with the energy used for measuring the phase
shift generates a phase shift in the X-radiation of A/2 and after
cach sub-grating, at least in relation to the energy used for
measuring the phase shiit, the attenuation of the X-radiation
1s the same when passing through the bars and when passing
through the filler matenal.

The effect achieved 1n both variants of a phase grating as
mentioned above 1s that, owing to the equal intensity of the
rays which pass through the bars and the rays phase-shitted by
t relative thereto, which pass through the gaps and the filler
material partially contained there, an optimally image formed
interference pattern 1s generated with maximal intensity
modulation and the least possible offset.

The 1mage quality of phase contrast images and amplitude
contrast depends on how accurately the phase and amplitude
can be determined in each pixel. The ratio of the modulation
to the offset 1s crucial in this regard (modulation transier
function of all components of the ray path). The intensity of
the direct, undifiracted zeroth order ray also contributes to the
olfset and therefore to a quality reduction of the image. The
aim must therefore be to reduce this component.

With respect to the arrangement of the sub-gratings of a
transmission grating, according to the invention at least two
of the sub-gratings may be aligned 1n the same direction or
counter to one another with respect to the alignment of their
grating bars; for sub-gratings without flush filler material 1n
the grating gaps, it may be particularly favorable to place
them only with their flat sides against one another so that no
damage of the grating bars 1s possible by engaging in one
another.

In respect of simpler alignment of the sub-gratings of a
transmission grating, the Inventors propose, 1n at least one
embodiment, that at least two sub-gratings arranged on sepa-
rate walers should be provided with markings, by which
mutual alignment 1s facilitated.

At least one embodiment of the invention also relates to a
focus-detector arrangement of an X-ray apparatus for gener-
ating projective or tomographic phase contrast recordings of
a subject, which includes at least one of the X-ray optical
gratings described above as a transmission grating.

At least one embodiment of the invention also relates to an
X-ray system for generating projective phase contrast record-
ings, an X-ray C-arc system for generating projective or
tomographic phase contrast recordings and an X-ray com-
puter tomography system for generating tomographic phase
contrast recordings, respectively equipped with an X-ray
optical grating according to at least one embodiment of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be explained 1n more detail below with
the aid of example embodiments, only the features necessary
for understanding the invention being represented. Here, the
tollowing references are used: 1: computer tomography sys-
tem; 2: first X-ray tube; 3: first detector; 4: second X-ray tube;
5: second detector; 6: gantry housing; 7: patient; 8: patient
support; 9: system axis; 10: control and computation unit; 11:
memory; D, : detector; d: distance; E_ : detector elements; F, :
focus; G,: source grating; G,: phase grating; G,: analyzer

grating; G . sub-gratings; g,, g,, 2,: period of the grating
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lines; h,, h,, h,: height of the grating bars; L: gaps; 1: dis-
tance; P: sample; Prg : program; S: bars; S,: X-ray; X, v, Z:
Cartesian coordinates.

In detail, the figures show:

FIG. 1: schematic 3D representation of a focus-detector
system with a grating set for determiming phase shiits;

FIG. 2: longitudinal section through a focus-detector sys-
tem with representation of a source grating, a phase grating,
and an analyzer grating and their grating structure;

FIG. 3: a single X-ray optical grating;

FIG. 4: an X-ray optical grating as a double sub-grating on
a common waler;

FIG. §: an X-ray optical grating including four identical
sub-gratings;

FIG. 6: an X-ray optical grating including two double
sub-gratings with filler 1n one sub-grating;

FIG. 7: an X-ray optical grating as a double sub-grating on
a common waler, with tlush-filling of the grating gaps on both
sides and radially aligned grating bars;

FIG. 8: an X-ray optical grating including three identical
sub-gratings with radially aligned grating bars and partial
filling 1n the lower sub-grating;

FIG. 9: an X-ray optical grating including two double
sub-gratings with filler in one sub-grating, with radially
aligned grating bars;

FIG. 10: an X-ray optical grating including as a double
sub-grating on a common walfer, with flush-filling of the
grating gaps on both sides and a design curved around the
focus:

FIG. 11: an X-ray optical grating, including three 1dentical
sub-grating this with a design curved around the focus and
partial filling 1n the lower sub-grating;

FIG. 12: an X-ray optical grating including two double
sub-gratings with filler in one sub-grating, with radially
aligned grating bars and a design curved around the focus;

FIG. 13: an X-ray computer tomography system 1n 3D
view with a focus-detector system according to an embodi-
ment of the imvention.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

EXAMPL.

L1

It will be understood that 1f an element or layer 1s referred
to as being “on”, “against”, “connected to”, or “coupled to”
another element or layer, then 1t can be directly on, against,
connected or coupled to the other element or layer, or inter-
vening elements or layers may be present. In contrast, 1f an
clement 1s referred to as being “directly on”, “directly con-
nected to”, or “directly coupled to” another element or layer,
then there are no mtervening elements or layers present. Like
numbers refer to like elements throughout. As used herein, the

term “and/or”, includes any and all combinations of one or
more of the associated listed items.

Spatially relative terms, such as “beneath”, “below™,
“lower”, “above”, “upper’”’, and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as 1llustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device 1n use or operation in addition to the ornentation
depicted 1n the figures. For example, 1f the device in the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, term such as
“below” can encompass both an orientation of above and

below. The device may be otherwise oriented (rotated 90
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degrees or at other orientations) and the spatially relative
descriptors used herein are interpreted accordingly.

Although the terms first, second, etc. may be used herein to
describe various elements, components, regions, layers and/
or sections, 1t should be understood that these elements, com-
ponents, regions, layers and/or sections should not be limited
by these terms. These terms are used only to distinguish one
clement, component, region, layer, or section from another
region, layer, or section. Thus, a first element, component,
region, layer, or section discussed below could be termed a
second element, component, region, layer, or section without
departing from the teachings of the present invention.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the present invention. As used herein, the singular
forms “a”, “an”, and *“the”, are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “includes™ and/or
“including”, when used 1n this specification, specily the pres-
ence of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or addi-
tion of one or more other features, integers, steps, operations,
clements, components, and/or groups thereof.

In describing example embodiments illustrated in the
drawings, specific terminology 1s employed for the sake of
clanity. However, the disclosure of this patent specification 1s
not mtended to be limited to the specific terminology so
selected and 1t 1s to be understood that each specific element
includes all technical equivalents that operate 1n a similar
mannet.

Referencing the drawings, wherein like reference numerals
designate 1dentical or corresponding parts throughout the
several views, example embodiments of the present patent
application are hereafter described.

For better understanding, the structure of a focus-detector
arrangement with X-ray optical gratings according to an
embodiment of the invention, which allow phase contrast
measurement, will be presented at first. In this regard 1t should
essentially be noted that the figures are not shown true to
scale, rather they are intended to highlight the basic structure
and the described eflects. The transverse axis 1s expanded
relative to the longitudinal axis (=optical axis). The angles are
therefore represented with an exaggerated size. For didactic
reasons, the interference pattern and the analyzer grating in
particular have been shown somewhat spatially separated
from one another, even though 1t 1s precisely the object of the
method to position the analyzer grating at the maximum of the
interference pattern, 1.¢. at the Talbot distance. The dimen-
sions d and r, therefore refer both to the interference pattern
and to the analyzer grating.

FIG. 1 shows a schematic 3D representation of a focus-
detector system of an X-ray computer tomography system
with a sample P lying 1n the beam path as a subject. The focus
F, on the detector D, are arranged on a gantry (not repre-
sented here) and move circularly around the system axis
shown by dots and dashes. If a linear movement of the patient
or sample P in the system axis direction 1s additionally carried
out during the rotation of the focus-detector system, then this
leads to spirally shaped scanning of the patient or sample P
which 1s known per se. Three X-ray optical gratings G,, G,
and G, are arranged 1n the beam path of the focus-detector
system, the first grating G,, which 1s also referred to as a
source grating, being applied 1n the immediate vicinity of the
tocus F, and having the X-radiation pass through 1t.

In the propagation direction of the X-radiation, this 1s
tollowed by the actual subject P. Before the detector D, lying
on the other side of the system axis, there first follows the
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second grating G, referred to as a phase grating. This 1s
followed 1n the radiation direction by the third grating G,
referred to as an analyzer grating, which 1s advantageously
arranged immediately 1n front of the detector D, . The detector
D, 1s a position resolving detector. During the scan, the con-
necting lines between the focus F, and the individual detector
clements respectively represent an X-ray arranged 1n space,
the intensity variation of which 1s measured by the respective
detector element.

The grating lines should preferably be onented perpen-
dicularly to the optical axis, 1.e. perpendicularly to the mid-
line between the focus and detector midpoints, and the grating
lines of the individual gratings should extend mutually par-
allel. This applies strictly for plane gratings and at least
approximately also for curved gratings.

Certain geometrical conditions should be complied with
for phase contrast measurement. These are represented 1n
more detail in FIG. 2. This figure shows a focus-detector
system according to the invention with a grating set G, to G,.
The focus F, lies before the first grating G,. The first grating
G, has a grating line period g, and a grating bar height h,. The
gratings G, and G, are correspondingly also provided with a
height h, and h,, respectively, and a period g, and g,, respec-
tively. For the function of the method according to an embodi-
ment of the invention, it 1s necessary for the distance 1
between the gratings G, and G, and the distance d between
the gratings GG; and G, to be 1n a particular mutual ratio. This
ratio has been described above in Equation (2).

The distance of the detector D, with 1ts detector elements
E, to E from the last grating GG, 1s not essential. The heighth,
of the bars of the phase grating should be selected so that a
phase shift by one half wavelength compared to the gaps 1s
obtained according to the relevant energy of the X-radiation.

It 1s also essential 1s that the height h, of the analyzer
grating 1s sullicient 1n order to generate effective absorption
differences between the bars through which the X-radiation
passes and the substantially free positions of the grating, in
order to obtain a corresponding interference pattern/standing
wave field on the rear side.

It should be pointed out that 1n this embodiment of a focus-
detector arrangement, a point-like focus may be replaced by
an extended focus 11 the extended focus 1s combined with a
source grating as described 1n the introduction, so that the
necessary coherence condition for the described phase con-
trast measurement 1s fulfilled.

In the X-ray optical gratings as presented above, the prob-
lem usually arises that they must have grating bars whose
height 1s large relative to the spacing of the bars. The known
embodiment of such an example grating 1s shown 1n FIG. 3.
This grating comprises bars S and gaps L between them,
which are impressed into the surface of a wafer, for example
by etching processes.

According to an embodiment of the invention, this produc-
tion problem 1s circumvented by using a combination of a
plurality of sub-gratings arranged in direct succession,
instead of a single grating with a particular function, these
being assembled so that they correspond in their overall etfect
to the single first grating. A first example of this 1s represented
in FIG. 4. Here, two sub-gratings are generated on the two
sides of a common waler, each individual structure being
substantially simpler to produce owing to the now lower
depth of the grating gaps. Moreover, the problem of accurate
mutual alignment 1s also resolved here since a common water
1s used.

Another variant of an embodiment of an X-ray optical
grating according to the invention, by combining a plurality
of sub-gratings—here four sub-gratings—1s shown in FI1G. 5.
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Here, there are four 1dentical and equally aligned sub-gratings

G, , to G _,—the index “X” stands for the index of one of the

gratings G, to G, of the focus-detector arrangement in FIGS.

1 and 2—with only V4 of the grating bar height of the grating

G, otherwise to be replaced.

With respect to stmpler alignment of the sub-gratings, the
Inventors propose, 1 an embodiment, that at least two sub-
gratings arranged on separate waters should be provided with
markings, by which mutual alignment is facilitated

Fine adjustment of the phase grating and the analyzer grat-
ing could also be carried out piecewise. A first phase grating
and a first analyzer grating are used. Since the phase grating
1s too thin for an optimal layout, the resulting standing wave
field 1s only poorly pronounced, but nevertheless present. The
grating can thus be aligned with the aid of the standing wave
field:

1. Alignment of the grating position along the optical axis of
the layout: The periods of the phase grating and of the
analyzer grating are interlinked, 1n the case of a cone beam
geometry by:

1.F14-d

§2=§ "

g1

where d 1s the distance between the gratings, r, 1s the distance
between the source and the first grating, g, 1s the period of the
analyzer grating G, which 1s equal to the transverse period of
the standing wave field, g, 1s the period of the phase grating
G,.

I1 this condition 1s not fulfilled then an 1nterference pattern
1s not obtained on a detector placed behind the analyzer
grating, but instead a so-called division moire pattern, con-
s1sting of shadow lines which are parallel to the grating bars.
This 1s the case, for example, whenever the phase grating 1s
displaced along the optical axis relative to the intended posi-
tion. The gratings may then be aligned in the position along
the beam axis by displacing them so that this pattern vanishes.
2. Parallel Alignment of the Grating Lines:

If the grating lines of the analyzer grating are not parallel to
the standing wave field (and therefore to the grating lines of
the phase grating) then an 1nterference pattern 1s not obtained
on a detector placed behind the analyzer grating, but instead
a so-called rotation moire pattern consisting of shadow lines
which are perpendicular to the grating bars. The grating lines
may then be aligned parallel by rotating the phase grating so
that this pattern vanishes.

In practice, a superposition of a rotation and a division
moire pattern can take place. This does not change anything
for the principle of aligning the gratings 1n respect of angle
and distance. The grating lines may firstly be aligned parallel
by rotating the grating so that a pure division moire is
observed on the detector, 1.e. a moire pattern with shadow
lines which are parallel to the grating lines. The spacing of the
gratings 1s then corrected as described above. As an alterna-
tive, the grating position may firstly be aligned along the
optical axis by displacing the grating until a pure rotation
moire 1s observed on the detector, i.e. a moire pattern with
shadow lines which are perpendicular to the grating lines. The
rotation of the gratings 1s then corrected as described above.

If a further incorrectly aligned grating i1s added to the
correctly aligned gratings, the standing wave field 1s per-
turbed. A moire pattern is then created in the same way as
described above. The added phase grating will be aligned 1n
the same way as the first grating. Further gratings are added in
the same way.
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It should be pointed out that 1t lies within the scope of the
embodiments of the invention to configure the orientation of
the individual sub-gratings arbitrarily, so long as the grating
gaps and the grating bars are respectively arranged succes-
stvely as seen in the beam direction. This applies for all
variants of sub-grating combinations in this document.

FIG. 6 shows another variant of a sub-grating combination

according to the invention with two different double gratings
G,,, G, and G_,, G _,, the lower of the double gratings G

x]1? x3 X3

G, additionally comprising a filler material 1n the gaps L of
one grating, which ensures uniform absorption of the X-ra-
diation over the entire grating, the rays which pass through

neighboring gaps L and bars S experiencing a phase shiit by
. Additionally, but not compulsorily, the lower double grat-
ing here 1s designed in respect of 1ts bar heights so that the
filler terminates flush with the grating bars.

FIGS. 7 to 9 show alternative embodiments of FIGS.5to 6
with a flat sub-gratings, although 1n this case the alignment of
the grating bars and grating gaps 1s adapted according to the
radial alignment of the radiation. The grating of FIG. 7 1s
turthermore completely filled with filler material 1n the gaps
so that 1t acts as an absorption grating, 1.e. a source grating or
analyzer grating. The gratings of FIGS. 8 and 9 are configured
as phase gratings with uniform absorption over the entire
grating surface, as described with reference to FIG. 6.

Lastly, FIGS. 10 to 12 show embodiments corresponding,
to FIGS. 7 t0 9, but in this case the sub-gratings are configured
with a curvature around the radiation centre, 1.e. the focus.
Here again, the grating bars S are respectively aligned radially
with the focus so that no shadowing of the individual rays
occurs 1n the edge regions of the grating gaps when passing
through the sub-gratings.

In addition, platelets or films of small height, which pre-
vent possible mutual damage of the grating structures, may be
placed between all the sub-gratings presented here without
departing from the scope of the mnvention.

FIG. 13 represents a complete computer tomography sys-
tem with focus-detector systems according to an embodiment
of the imvention for carrying out the method according to an
embodiment of the mvention, by way of example and also
generically for other X-ray systems, 1n particular X-ray sys-
tems for generating projective phase contrast recordings and
tor C-arc equipment. This figure shows the computer tomog-
raphy system 1 which comprises a first focus-detector system
with an X-ray tube 2 and a detector 3 lying opposite, which
are arranged on a gantry (not represented in detail) in a gantry
housing 6. An X-ray optical grating system according to an
embodiment of the invention with gratings composed of sub-
gratings 1s arranged in the beam path of the first focus-detec-
tor system 2, 3 so that the patient 7, who lies on a patient
support 8 displaceable along the system axis 9, can be dis-
placed 1nto the beam path of the first focus-detector system
and scanned there. The computer tomography system 1s con-
trolled by a computation and control unit 10 1n which pro-
grams Prg, to Prg_are stored in amemory 11, which carry out
the method according to an embodiment of the invention as
described above and reconstruct corresponding tomographic
images from the measured ray-dependent phase shiits.

Instead of a single focus-detector system, a second focus-
detector system may optionally be arranged in the gantry
housing. This 1s indicated 1n the representation by the X-ray

tube 4 shown in dashes and the detector 5 represented in
dashes.

At least 1n one focus-detector system, there 1s a grating
according to an embodiment of the mvention 1n which the
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grating structure, which 1s required for the detection of phase
contrast recordings, 1s generated 1n the grating medium by an
ultrasound standing wave.

Moreover, 1t should also be pointed out that the focus-
detector systems as presented are not only capable of mea-
suring phase shifts of the X-radiation, rather they are further-
more suitable for conventional measurement of the radiation
absorption and the reconstruction of corresponding absorp-
tion recordings. Optionally, combined absorption and phase
contrast recordings may even be generated.

It 1s furthermore to be pointed out that the medical com-
puter tomography systems presented 1n this patent applica-
tion are merely intended to be an example representation of an
alternative application of the invention. Embodiments of the
invention may likewise be used 1n conjunction with systems
for examiming biological or inorganic samples, without
departing from the scope of this application. In particular,
embodiments of the invention are applicable to systems for
material analysis.

It 1s to be understood that the features of the invention as
mentioned above may be used not only 1n the combination
respectively mdicated, but also in other combinations or in
isolation, without departing from the scope of the present
ivention.

Example embodiments being thus described, it will be
obvious that the same may be varied 1n many ways. Such
variations are not to be regarded as a departure from the spirit
and scope of the present invention, and all such modifications
as would be obvious to one skilled 1n the art are intended to be
included within the scope of the following claims.

What 1s claimed 1s:

1. An X-ray optical transmission grating of a focus-detec-
tor arrangement of an X-ray apparatus for generating at least
one of projective and tomographic phase contrast recordings
ol a subject, comprising:

at least one wafer including a multiplicity of grating bars

and grating gaps, the grating bars and grating gaps being
arranged periodically on at least one surface of the at
least one water, wherein the X-ray optical transmission
grating includes at least two sub-gratings arranged 1n
direct succession 1n a beam direction, wherein a beam
profile of a transmitted X-radiation 1s designed to be at
least one of fan-shaped and conical, and the sub-gratings
arranged successively in the beam direction comprise
different grating periods, and wherein a grating period
increases from at least one sub-grating to at least one
subsequent sub-grating and the sub-gratings are
arranged to be mutually aligned, so that the rays of the
beam pass through only one of either of the grating gaps
or the grating bars.

2. An X-ray optical transmission grating of a focus-detec-
tor arrangement of an X-ray apparatus for generating at least
one of protective and tomographic phase contrast recordings
ol a subject, comprising:

at least one watler including a multiplicity of grating bars

and grating gaps, the grating bars and grating gaps being
arranged periodically on at least one surface of the at
least one water, wherein the X-ray optical transmission
grating includes at least two sub-gratings arranged 1n
direct succession 1n a beam direction, wherein a filler
material with a relatively higher linear attenuation coet-
ficient than the wafer material 1n the relevant energy
range 1s arranged in the grating gaps of at least one
sub-grating, wherein the transmission grating 1s a phase
grating and, for the sum of the sub-gratings, the height of
the filler material 1n the gaps 1s dimensioned so that the
X-radiation with the energy used for measuring the
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phase shift generates a phase shiit of A/2 1n the X-radia-
tion and aiter the entire grating, at least in relation to the
energy used for measuring the phase shift, the attenua-
tion of the X-radiation 1s the same after passing through
the bars and when passing through the filler matenal.

3. An X-ray optical transmission grating ol a focus-detec-
tor arrangement of an X-ray apparatus for generating at least
one of projective and tomographic phase contrast recordings
ol a subject, comprising:

at least one water including a multiplicity of grating bars

and grating gaps, the grating bars and grating gaps being
arranged periodically on at least one surface of the at
least one water, wherein the X-ray optical transmission
grating includes at least two sub-gratings arranged 1n
direct succession 1n the beam direction, wherein a filler
material with a relatively higher linear attenuation coet-
ficient than the wafer material 1n the relevant energy
range 1s arranged in the grating gaps of at least one
sub-grating, wherein the transmission grating 1s a phase
grating and, for each of the sub-gratings individually, the
height of the filler material 1n the gaps 1s dimensioned so
that the X- radiation with the energy used for measuring
the phase shift generates a phase shift in the X-radiation
of A/2 and after each sub-grating, at least in relation to
the energy used for measuring the phase shift, the attenu-
ation ol the X-radiation 1s the same when passing
through the bars and after passing through the filler
material.

4. The transmission grating as claimed 1n claim 1, wherein
at least two sub-gratings arranged on a separate walers com-
prise markings by which mutual alignment 1s made possible.

5. A focus-detector arrangement of an X-ray apparatus for
generating at least one of projective and tomographic phase
contrast recordings of a subject, wherein at least one of X-ray
optical gratings used 1s designed as the transmission grating
of claim 1.

6. The transmission grating as claimed in claim 2, wherein
at least two sub-gratings arranged on a separate walers com-
prise markings by which mutual alignment 1s made possible.

7. The transmission grating as claimed 1n claim 3, wherein
at least two sub-gratings arranged on a separate walers com-
prise markings by which mutual alignment 1s made possible.

8. A focus-detector arrangement of an X-ray apparatus for
generating at least one of projective and tomographic phase
contrast recordings of a subject, wherein at least one of X-ray
optical gratings used 1s designed as the transmission grating
of claim 2.

9. A focus-detector arrangement of an X-ray apparatus for
generating at least one of projective and tomographic phase
contrast recordings of a subject, wherein at least one of X-ray
optical gratings used 1s designed as the transmission grating
of claim 3.

10. An X-ray system for generating projective phase con-
trast recordings, comprising the X-ray optical transmission
grating of the focus-detector arrangement of claim 1.

11. An X-ray system for generating projective phase con-
trast recordings, comprising the X-ray optical transmission
grating of the focus-detector arrangement of claim 2.

12. An X-ray system for generating projective phase con-
trast recordings, comprising the X-ray optical transmission
grating of the focus-detector arrangement of claim 3.

13. An X-ray C-arc system for generating projective or
tomographic phase contrast recordings, comprising the X-ray
optical transmission grating of the focus-detector arrange-
ment of claim 1.
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14. An X-ray C-arc system for generating projective or
tomographic phase contrast recordings, comprising the X-ray
optical transmission grating of the focus-detector arrange-
ment of claim 2.

15. An X-ray C-arc system for generating projective or
tomographic phase contrast recordings, comprising the X-ray
optical transmission grating of the focus-detector arrange-
ment of claim 3.

16. An X-ray computer tomography system for generating
tomographic phase contrast recordings, comprising the X-ray
optical transmission grating of the focus-detector arrange-
ment of claim 1.
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17. An X-ray computer tomography system for generating
tomographic phase contrast recordings, comprising the X-ray
optical transmission grating of the focus-detector arrange-
ment of claim 2.

18. An X-ray computer tomography system for generating
tomographic phase contrast recordings, comprising the X-ray
optical transmission grating of the focus-detector arrange-
ment of claim 3.
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